
PB91-196493

Interaction of Vapour phase Organic Compounds with Indocr Sinks

Acurex Corp., Research Triangle Park, NC

Prepared for:

Environmental Protection Agency, Research Triangle Park, NC

1991

[----------_:]



AEERL- P-661 TECHNICAL REPORT DATA
(P/eQse reQd JRUTuclions on Ille re"erse before comp/eli

'- REPORT NO. r' 3. I?B91~196493

l='PA/600/,]-91/069
4. TITLE AND SUBTITLE 5. REPORT DATE
The Interaction of Vapor Phase Organic Compounds
with Indoor Sinks 6. PERFORMING ORGANIZATION CODE

7. AUTHDR(SlB. Tichenor {EPAJ' Z. Guo (Acurp.x). J. Dunn 8. PERFORMING ORGANIZATION REPORT NO.
(Univ. of AK). L. Sparks EPA). and M. Mason
(Acurex)

Q. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT NO.
Acurex Corporation
P. O. Box 13109 11. CONTRACT/GRANT NO.
Research Triangle Park. North Carolina 27709 68-02-4701 (Acurex)

12. SPONSORING AGENCY NAME AND ADDRess 13. TY?E OF REPORT J.\.ND PERIOD coveRED
EPA, Office of Research and Development Journal article; 6/89- 2/90

1'4.'"'SPoNSDRING AGENCY CODE
Air and Enerl!Y Engineering Research Laboratory

EPA/600/13Researct. Triangle Park, NC 27711

15. SUPPLEMENTARY NOTES AEERL 5ro~)ct officer is Bruce A. Tichenor. MD-54. 919/541-
2991. Indoor Air. 1. 23-35 199 •

'----\
16. ABSTRACIThe paper reports on the development of sink models based on fundamental
mass transfer theory. The interaction of indoor air pollutants with interior surfaces
(i. e •• sinks) is a well known, but poorly understood. phenomenon. Studies have
shown that re-emissions of ads0l.4 bed organic vapors can contribute to elevated con-
centrations of organics in indoor environments. Research is being conducted in
small environmental test chambers to develop data for predicting sink behavior.
The results of experiments conducted to determine the magnitude and rate of adsorp-
tion and desorption of vapor phase organic compounds for several materials are
presented. Five materials were evaluated: carpet. painted wallboard. ceiling tile.
window glass, and upholstery. Two organic compounds were tested with each mater-
ial: tetrachloroethylene (a common cleaning solvent) and ethylbenzene (a common
constituent of petroleum based solvents widely used in consumer products). Results
of the experimental work show the relevant sink effect parameters for each material
tested and compare the sorptive behavior of the two organic compounds evaluated.
An indoor air quality model was modified to incorporate adsorption and desorption
sink rates. The model was used to predict the temporal history of the concentration
of total vapor phase organics in a test house after applying a wood finishing product.

17. KEY WORDS AND DOCUMENT 4NALYSIS
a. DESCRIPTORS b.IDENTIFIERS/OPEN ENDED TERMS c. COSATI Field/Group

Pollution Pollution Control 13B
Mathematical Models Stationary SourGes l2A
Mass Tram.' ':er Indoor Air 14G
Organic Compounds Sinks 07C
Vapors 07D
Test Chambers 14B

It>. DISTRIl3UTlON STATEMENT 19. seCURiTY CLASS (rhi!r Report) 71 NO ('\c DAro,.."...

Unclassified
Release to Public 20. SECURITY CLASS {This page} 22. PRICE

UnelassHied
-



EPA/600/J-91/069

P891-196Q93

Indoor Air, \, 23-35 (1991)

- < • 1991 Danish Technical Pres~ OK-Copenhagen
!

The Interaction ofVapo1.ltfhase Organic
Compounds with Indoor Sinks
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Abstract
'The illleracrion ofind(}(ff air po/llllams with l-,ltmor

surfaces (i.e., sinks) is a well klumm, bill poorly under

srood, pherwmelloll. Smdirs have shown rhar re-emis

sions ofadsOTbed orgattic VOPOUlS can contribuce to ele

vated ctmcenlratiollS oforgollics in i,ld(}(ff erl'lJirOlI

menrs. Research is beiug conducted in small em:irOll

melltal test chamber:; to develop data for predicting

siuk behwiollr. 11lis paper reports on the development

ofsink models based on fill/damemal mass ITansfer

the01)'. The results ofI!xperimellrs conducted to deter

mine lhe magnilllde and rate ofadsorprion alld desorp

tion ofvapour phase organic compoll1ldsfor se1Jeral

materials Ilre presellled. Fi1Je materials 1Qere evaluated:

carpet, paillted waliboard, ceiling tile, window glass,

and upholstery. Two organic comjXJ!l1Ids were tested

wich each maceriol: tetrachloroetlr.-v[me (d common

c:1eauing solvem) "nd etJ!ylbenzene (a common cOllSli

lUlme ofpetroleum-hased solvenrs 'widely used ill can·

sumer products). The results ofthe experimental work

are presented showing the rele1Jalll sink effect para

mete,; for each material tested and comparing the surp

tWe behaviour ofthe two orgalIU: £Ompounds evaluat~

ed. An indoorair quality (IAQ) modelwus modijWJ

to incorporate adsorption and desorption 51-'lk rates.

The model was used 10 predict the temporal history of
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Introduction
The interaction of indoor air pollutants with

interior surfaces (i.e,) sinks) is a well known

phenomenon. While it is possible that the

mass transfer mechanism could be absorp

tion (i.e., for a water soluble compound to a

moist surface), this paper assumes that the

mechanism is adsorption. Researchers have

developed models and data to deal with the

adsorption of particles and N02 to a variety

of indoor surfaces (Nazaroff and eass, 1989;

Yanagisawa et aI., 19S7) and, for N02• the

generation of NO from the surface has also

been reponed (Billick and Nagda, 1987; Spi

cer et al" 1989). Berglund et a1. (1988) pres

ented an extensive review of the literature on

adsorption and desorption of vapour phase

organic compounds in indoor environments.

including data on a ventilation system heat

exchanger. The same authors reported thal:

organic compounds adsorbed on building

materials in a 7-year-old preschool were re

emitted (i.e., desorbed) when placed in a

small environmental test chamber ventilated
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where kd is the detorption rate constant. For

Since the equilibrium mass per unit area on
the sink, M", is directly proportional to 0, it
follows mat:

was modified 10 incorporate adsorption and
desorption sink rates. and the model was
used to predict the temporal history of the
conce .ration of lOlal vapour phase organics
in a test house after application of a wood
finishing product The concentrations pre
dicted by the model are presented and com
pared to measured values. Finally, sugges
tions for funher research on indoor sinks are
presented.

(1)

(3)

(2)k.C. = k:.J'O

where k. is the adsorption rate constant; C. is
the equilibrium concentration of tile adsor
bate in the gas phase; k.t' is a desorption con
stant; and 8 is the proportion ofavailable ad
sorption sites occupied. For the low vapour
concentrations of single compounds used in
the experiments discussed below, it can be
assumed that the occupied sites are a very
small fraction of the available sites {i.e.• 8
< < I}. Thus, equation (1) can be simplified
to a linear form:

Theory
Adsorption Isotherms
The study of adsorptive/desorptive beha
viour of gas molecules with solid surfaces has
resulted in several well known adsorprion
isotherm equations (Daniels and Alberty,
1961).

The Langmuir isotherm assumes a mono
layer of molecules on a homogeneous surface
wim all adsorption sites mutually indepen
dent and identical (Le.• aU sites require the
same energy to adsorb molecules). Ar equi
librium. the Langmuir isotherm can be rep
resented by:

with dean air (Berglund et al., (989). Zsol
nay et aL (1987) reponed on lhe transport of
lindane vapours between treated wood and
coUon doth. Gebefugi and KOrle (1989) ex
tended this research to include other fungi
cides and additional textile materials. The
Danish Town HaH Study provided empirical
evidence that re·emission of indoor pollu
tants. including vapour phase organics. from
fleecy (i.e.• large surface area) materials may
contribmc to the Sick Building ';yndrome
(Nielsen. 1987; Nielsc!:. 1988; Valbjorn and
Skov. (987). Seifen and Schmahl (19S7) re
poned on research to determine the adsorp
tion and desorption behaviour of several or
ganic compounds and several surface maler-
ials. but concluded "... no rule can be de
duced to predict the sorption behaviour of
different voe with different materials".
Dunn and Tichenor (1988) presented dara
showing the effect of sinks in small environ
mental test chambers used to determine
emission rates of organic compounds for la
tex caulk and moth repellant, and they illu
strated the use of adsorption and desorption
rare constants in mass balance models. Ti
chenor et al. (1988) reported on studies in an
IAQ test house where para-dichlorobenzene
was measured in significant concentrations
several days after the source (moth repellant)
was removed. Measurements in the same test
house, taken 12 months after additional
moth repellant emission tests. showed con
centrations of para-dichlorobenzene well
above the outdoor concentration. indicating
the re-emission of para-dichlorobenzene
previously adsorbed on interior surfaces.

In view of the significant impact of sinks
on indoor concentrations of vapour phase or
ganic compounds, research is being conduc
ted to develop data for predicting sink beha
viour. This paper reports on the develop
ment of sink models and the results of ex
periments conducted to determine the mag
nitude and rate of adsorption and desorption
of vapour phase organic compounds for sev
eral materials. In addition, an IAQ model
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fig. 1 T~sl chamber schemolic
with sink: mass balance equa·
tions

Moss {x} R(t)
to chamber Chamber (x-y-w) Exit ('I)

x Moss to chamber over time t [dx/dt ;: R(t)]
y = Moss !rom ch~mber over time t [dy/dt =kz(x-y-w)}
w = Moss In the smk [dw/dt = kJ(x-v·-w)-k.w]

a sink with an area of A, the mass balance
equation is:

k.C<A kdM"A (4)

Also, an equilibrium constant, k., can be de
fined as:

(7)

(8)

(9)

(10)

(12)

dxldt R(t)

dy/dt = k2(x-y-w)

dw/dt = k3(x-y-w) - ktw

where x is the mass that enters the chamber
over time t; y is the mass that exits the
chamber over time t; w is the mass in Llte
sink; R(t) is the input rate to the chamber k
. th . ' 1
IS e atr exchange rate, N; k3 is the rate con-
stant to the sink; and Ie.. is the rate constant
from the sink.

Expressing the sink term in a fonn consis
tent with the linear form of Langmuir's
equation gives:

VdC/dt dxldt-dy/dt-dw/dt

where the concentration in the chamber, C
(x-y-w)N; V is the chamber volume; M is

the mass per unit area in the sink; and A is
the sink area. (Note that w = MA.)

At equilibrium, dw/dt = O. Thus,

k3CV = Ie..MA (11)

If a Langmuir adsorption process is as
sumed, comparison of equations (4) and (11)
yields

k.A = k3V, or kJ = k.(A/V) and Ie.. = kd•

Since CV x-yow,

(5)

ill = kca (6)

where ill is the mass adsorbed per unit of ad
sorbent and k and a are empirical constants.

The BET (Brunauer-Emmett-Teller) iso
therm provides for multilayer adsorption.
For the low vapour concentrations encoun
tered in indoor environments, it is assumed
that the available adsorption sites will not be
covered, so the BET isotherm is probably
not appropriate.

The Freundlich isomenn, originally deve
loped as an empirical fit to non-Langmuir
isothenns, was later derived by assuming an
exponential distribution of adsorption site
energies. The Freundlich isothenn can be
represented by:

Application to Chamber Testing
Dunn and Tichenor (1988) proposed a set of
ordinary differential equations to describe
the mass balance III a test chamber using the
schematic shown in Figure 1:
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Substitution of equations (7), (8), ,md (l0)
and revlacing k3 and k~ yield:

VdC/dt R(l)-NCV-k,CA + kdMA (13)

or
dCldt = .

R(t)N-NC-k.CAN + kdi\lAN (14)

SUbStituting L = AN in equation (I 4) gives:

dC/dt = R(t)N NC - k.CL + kdML (IS)

Appropriate units for equation (IS) are:

C =concentration, mg/m3

t = time, h
R(t) =emission rate ofsource, mg/h
V =chamber volume, m l

N air exchange rate, h-I
k. = adsorption rate, m/h
L = ratio of sink area to chamber volume,

m-I

kd =desorption ratc, h·1

M = mass per unit area in sink, mg/m2

Substituting for kJ and ~ in equaLion (IV)
yields:

(16)

or simply

(17)

Thus, if Langmuir adsorption processes are
assumed, equations (IS) and (17) describe
the rate ofchange ofconcentration and mass
in the sink, respectively, for small chambers.

Experimental Methods
Experiments to detennine adsorption and
desorption rates lor vapour phase organic
compounds were conducted in small (53
litre) environmental test chambers (Tichenor
et a!., 1988; Tichenor, 1989).

Test Materials and Compounds
Five sink materials were evaluated: (a) carpel

nylon fibre pile bound with a styrenchUla
diene latex to a jute backing; (b) wallboard
(gypsum dry\'..all) finished with an imerior
latex paint; (c) ceiling tile - 1.5 em thick
composite material (mineral fibre~ starch,
day, gypsum perlite paper fibre, silicate); (d)
window glass; and (e) upholstery - throw pil
low with 50% polyestcr/50% conon fabric
covering a polyester fibre filL Each material
was tested with two organic compounds: (a)
tetrachloroethylene (perchloroethylene) a
common cleaning solvent and (b) ethylben
zene - a commo'} constilUenl of petroleum
based solvents widely used in consumer pro
ducts.

Test Procedures
A sample of the sink material was placed in a
test chamber supplied with clean, humidified
air (45% RH, 23 "C) at a nominal rate of I air
change pel hoUl (ACH). At the start of each
test, a portion of the inlet flow was replaced
by flow from a constant temperature oven
that held a permeation tube containing the
test compound. The test compound was ad
ded to the chamber inlel fl(jw at a constanl
rate for 48 hours, then the flow from the per
meation oven was shut off and replaced by
flow from the clean air system.

The concentration of the test compound
was monitored at the outlet of the chamber
by gas chromatography. Compounds were
identified by retention time and quantified
by electronic integration of detector re
sponse. Tetrachloroethylene was quantified
using an electron caprure detector (ECO);
ethylbenzene was quantified m:ing a flame
ionization detector (FlO). Samples were col
lected using gastight syringes, automated gas
sampling valves equipped with fixed volume
sample loops, or solid sorbenl sampling
rubes containing graphitized carbon adsor
bents. Syringe and sampling loop samples
were injected directly to dIe packed column
of a gas cbromatograph equipped with both
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FlD and ECD. Sorbem samples were therm
ally desorbed first to a cryogenic trap and
then to a gas chromatograph equipped with a
fused silica column and an FID.

Samples were collected as frequently as
possible for the first few hours in order to
define the rising portion of the concentration
vs. time curve (s.:e Figure 2). Once the con
centration reached an apparent equilibrium
value, the sampling frequency was decreased.
Forty-eight hours after the start of the test,
the injection of the organic compound was
terminated. At this point, the sampling fre
quency was again increased. Sampling conti
nued until the concentration reached the
quantification limit of the method.

Test Conditions
A wide variety of test conditions was used.
Initial testing was conducted on carpet with
tetrachloroethylene to investigate the effect
of concentration and temperature on the
sorption behaviour. Subsequent tests with
the other sink materials and with ethylben
zene were conducted under fewer conditions.
Tests to determine the sink behaviour of
empty chambers were also carried out. Table I
summarizes the conditions for all the tests.
AU tests were conducted at a nominall ACH
and a water vapour content equivalent to
45% relative humidity at 23 DC. [Note that te-

trachloroethylcne is design:ltcd as peE (per
chloroethylene) to avoid confusion with
TCE (trichloroethylene).}

Data Analysis
Data obtained from the small chamber tests
were analysed assuming a Langmuir type ad
sorption. These analyses yielded values for:
M., the mass per unit area on the sink at
equilibrium; k.. the adsorption rate constant;
kd , the desorption rate constant; and k", the
equilibrium constant.

Determination of fA.,
Given the experimental procedures described
above, the mass in the sink is assumed to be
at equilibrium at the time (t,) the flow of the
test compound is slopped (see Figure 2). The
total mass of the tesl compound exiting lhe
chamber from time 1, to the pnd of the test is
the sum of (a) the mass of _Ie: compound in
the chamber air at time 1, and (b) the mass of
the compound emitted from the sink. The
total mass exiting the chamber from 1, to the
end of the test is obtained from the area
under the curve (1\:) described by the data
points multiplied by the air exchange rate
(N) and the chamber volume (V). In this
case, the A.: was calculated using the trape
zoid rule. The mass of the compound in the



28 B. Tichenor cl at: VOC Inleroctions wilh Indoor Sinks

Table 1 resl condilions for sink experiments

Material Compound ConccntrJlion 'Icmpclalurc No. of
range (mg/m l

) eC) tests

Carpet PCE" 6-50 23 10
peE 14-15 35 2

Ethylbenzene 8-9 n 2
Wallboard PCE ]9-26 23 2

Ethylbenzclle H-B 13 2

Ceiiing PCE 23-28 23 2
tile Elhylhenzene 10-11 23 2

Window PCE 19 23 ]

glass EthyJbenzene 10-11 23 .2

Upholstery PCE 28-29 23 7.
(pillow) Ethylbenzene S-Il 23 1.

Empty PCE 5-38 Z3 4
chamber PCE 12-13 3S .2

Elhylbenzene 10-11 23 .2

"Tetrachloroethylene ::;:; Perchloroethylene (PCE)

chamber air is the product of the concemra
don at equilibrium (C.) and £he chamber vo
lume (V) - thus:

where

(N +k.,L+«,J:!:(N +J.;L+k.Jr-4Nk.JJl/I (21)
rt,l == 2

where Me is the equilibrium mass per unit
area (mg/ml

) in the sink at time t".

Detennination of Ie:,. and Ie.!
Equations (lS) and (I7) can be sDlved analy
tically for cenain simple cases. If the portion
of r..;e concentration vs. time curve from t" to
the end of the curve is considered, the initial
conditions are: t 0, C(O) = C•• and MeO)
= M" = C,,{kA!) [from equation (3)J. For
these conditions the solutions for equations
(15) and (17) are:

Me = (A"NV c.V)/A

M(t) =

C.l(N-c2) eo'" ~ (N-rt)e-f1.l ]

rt - £2

k.C. (rle-'ll ~ r2e"I\)
ka(r.-r2)

(18)

(19)

(20)

Values for k. and k.1 were obtained by fining
equation (l9), where C. is a known experi
mental value, to the chamber concentmtion
vs. time data from ts to the end of me test
using a nonlinear regression curve fit rou
tine; in this case. NUN by SAS (198S). Fig
ures 3 and 4 show the data and me fined
Langmuir adsorption curve for two of the
experimental runs (ethylbenzene/wallboard
and tetrachloroethylene/;::arpet); the theoreti
cal "no-sink" curve, defined by C(t)=Cee-N

"

is also shown.

Results
The experimental results. including values
for 4, Me. k", k", and k., are presented in Ta
bles 2 - 5. The relative standard deviations of
the estimates for k. and kd ranged from 7%
to 2oolo, with an average of 14%. Table 2 pro
vides the results for carpet tested with tetra-
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Table 2 Experimenlal resulls - tetrarnlaroelhylene (tesl compound) and carpel (sink molerial}

Temp. Sample ACH C. Ai. k. k.J k.eC) area (ml ) (mglm1) (mg/ml ) (mIh) (h-I) (m)

23 0.12 1.03 5.8 5.1 0.14 0.14 0.99
23 0.14 1.02 10.4 8.1 0.11 0.13 0.84
23 0.14 1.03 11.1 10.2 0.18 0.[9 0.93
23 0.14 1.03 193 21.6 0.10 0.09 Ll
23 0.14 1.00 19.5 17.5 0.11 0.13 0.90
23 0.14 1.00 19.8 21.2 0.11 0.10 l.l
23 0.14 1.03 21.9 19.8 O.ll 0.12 0.90
23 0.12 1.00 35.4 36.5 0.14 0.14 1.0
23 0.14 1.03 48.8 42.5 0.10 0.12 0.87
23 0.12 1.0l 49.5 51.5 0.18 0.11 1.0
35 0.14 l.03 13.7 7.3 0.29 0.55 0.53
35 0.14 1.04 145 1.3 0.32 0.63 0.50

Note: The effective chamber volume (V) for all carpet testS was O.OSI m'.



30 8. Tichenor el 01.: VOC wil" Sinks

Table 3 Experimental resuhs - lelrochloroethylene and wallboard, ceiling tile, and pillow

Sink ACH C. M. k, kd k.
malerial (mg/m') (mg/m1) (mIh) (h"') (m)

Wallboard 0.982 19.2 2.67 0.22 1.6 0.14

0.994 25.8 3.79 0.20 1.4 0.15

Ceiling tile 1.03 22.6 3.68 0.09 0.54 0.16

1.03 28.4 4.61 OJ I 0.69 0.16

Pillow 0.923 28.4 632 0.02 0.09 0.22

0.925 28.6 8.17 0.03 0.11 0.29

Notes:
I) The sample area (/\) for lhe wallboard and ceiling tile was 0.14 m'; for the pillow, 0.266 m'.

2) The effective chamber volume (V) for the wallboard and ceiling tile tests was 0.051 m'; for the pillow,

O.046m'.

Table 4 Experimenlol results - elhylbenzene and carpel, wallboard, ceiling tile, and pillow

Sink ACH C. M. k. k.J k.
material (mglm') (mglm') (mJh) (h'l ) (m)

Carpet 0.945 8.2 7.79 0.07 0.08 0.95

" 0.982 8.6 8.29 0.08 0.08 0.%

Wallboard 0.975 11.4 3.40 0.58 1.9 0.30

" 0.949 127 3.83 0.32 1.1 0.30

Ceiling tile 0.971 9.8 4.30 0.25 0.58 0.44

0.988 11.2 4.26 0.23 0.60 0.38

Pillow 0.956 7.6 1.73 0.004 0.018 0.23

0.991 10.7 3.4~ 0.005 0.015 0.32

Notes:
1) The sample area (A) for the carpet, wallboard, and ceiling tile was 0.14 rn'; for the pillow, 0.266 rn'.

2) The effective chamber volume (V) for (he carpet, wallboard, and ceiling tile i.ests was 0.051 m'; fOT the

pillow, 0.046 m'.

Table 5 Averoge adsorpliOIl and desorption role constants and equilibrium constants -longmuir isall ~rm model

Rate Carpet Wallboard Ceiling Pillow

constant tile

PCE' k. (m/h) 0.13 0.30 0.21 '0.10 0.03

kd (h·l ) 0.13 0.59 15 0.61 0.10

k.,(rn) 0.91 0.52 0.14 0.16 0.25

Ethylbenzene k.(m/h) 0.08 0.45 0.24 0.004

~ 0.08 1.5 059 0.016
0.95 0.30 0.41 0.27

'Tetrachloroethylene Pcrchloroethylenc (PCE)

Note: Alllesls were conducted at 23°C, except where noted.
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chloroethylene; Table 3 presents the resuhs
for the remainder of the letrachloroethylene
experiments; Table 4 provides information
on the experimems conducted wilh elhyl
benzene; Table 5 presenls a summary of the
Langmuir rate constanlS for all the tests.
Note that the tests conducted on the empty
chamber and on window glass showed no
sink effecl, so no results are presented for
these experiments.

Discussion
Applicability of Langmuir Isotherm
Figure 5 presents a leasI squares pim of M.
vs. C. for tetrachloroethylene and carpet al
23°C. The plot shows a linear relationship
with a slope of 0.97 and an r correlarion of
0.97. This linearity confirms the applicabil
ity of me Langmuir equilibrium at low con
cenlrations represemed by equations (3) and
(5) [i.e., M. =(kAJ)C., =k.C.], with the slope
of the line equal to [he average k. value for
the 10 tests (see Table 5).

Fitting the kinetic data (i.e., C vs. t) using
equations (19) and (21) to obtain k. and kd

values based on a Langmuir sorplion process
shows a good fit for ceiling tile and wall
board (see Figure 3). On me other hand, the
fit of me dara for the pillow and carpet dala
indicates that the desorption process for

these materials devialc;s from the Langmuir
assumprions (see Figure 4). Thus, it appears
that Langmuir kinetics apply to relatively
fial, smoOlh surfaces (e.g., ceiling tile, wall
hoard), bur may be inappropriate for more
complex surfaces (e.g., carpet and upholst
ery). In spite of the relatively poor fit of the
kinetic data for carpet and pillow, it is felt
that the values of k., k..s. and kc for these ma
terials can be used to compare their sorption
behaviour with other materials and to com
pare the sink effects ofdifferent compounds.

Sink Strength
The capability of a sink material to adsorb
indoor air pollmants is represented by k.; the
higher the k. value, the greater the mass ad
sorbed on the sink at a given concentration
(I.e., the stronger the sink). An amllysis ot
variance (AOV) of the k. values in Tables 2 
4 shows a significant (p 0.06) COM
POUND X MATERIAL interaction (i.e.,
the differences in the k< values among me
materials depend on the compound). Carpet
was a significantly stronger sink (p < 0.01)
than the Olher three materials for both com
pounds, while no significant differences in k.
were detectable (p = 0.01) among the other
three materials for either compound. As sta
led previously, glass was nol a sink for either
compound.
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The sink strengths of Ihe Iwo compounds

tested arc also difi"l:rclH. Ceiling lile adsorbed

significamly more (p < 0.01) clhylbenzcnc

lhan tetrachloroethylene. A similar trend (p

0.05) was evident for wallboard. For car

pet and pillow, no differences (p 0.79 and

p 0.80, respcctlvcly) in sink strength were

observed between the two compounds.

Adso:rption and Desorption Rates

Values _or k. and kJ were analysed to deter

mine diffcre.1ces in adsorption and desorp

tion r.Hes for the materi:1ls and compounds

tested. An AOV indicated a significant MA

TERIAL X COMPOUND interaction for k.

(p < 0.01), but not for kJ (p = 0.99). Othcr

findings include:

• wallboard and ceiling tile adsorbed ethyl

benzene at significantly higher rates (p <

0.01) than carpet and pillow. Ethylbenzene

adsorption by wallboard was faster than by

ceiling tHc; the adsorption rates for carpel

and pillow were not significantly diflerent;

. wallboard adsorbed tetrachloroethylene at

significantly higher rates (p < 0.01) than

the pillow, with carpet and ceiling tile rep

resenting intermediate, but indistinguish

able, values;
ethylbenzcne adsorbed at a significantly

higher rate than tetrachloroethylenc on

the wam'oard (p < 0.01) and ceiling tile

(p < 0.01). There were no significant dif

ferences in the adsorption rates for the two

compounds for carpet (p == 0.22) and pil

low (p 0.68);

- wallboard desorbed at a significantly high

er rate (p < 0.01) than the other three ma

terials. Ceiling tile desorbed at a signific

antly highcr rate (p < 0.01) than carpet

and pillow, which are indistinguishable;

• there was no significant difference (p =

0.56) in the desorption rates for ethylben

zene and tetrachloroethylene for any of the

sink materials.

Effect of Temperature

Only limited data were collected to invcsti

gate the effect of temperature. Based on ther

modynamics, both the adsorption and de

sorption rates should be higher at elevated

temperatures. Thc values for k. and k" for the

tctrachloroethylcnclcarpel lests conducted at

35 "C indeed show significantly higher values

(p < 0.001) lhan those observed al 23 "c.
The significanl1y lower value of kt at 35 "c
occurred because the desorption rate was elc

vated more than lhe adsorption nne.

Pradicallmplications

The data presemed herein, while limited, do

confirm that common indoor materials ad

sorb and subsequently re-emit vapour phase

organic compounds. The type of material

and compound affects the rates of adsorption

and desorption as well as the amount of ma

terial adsorbed.
Recent experiments conducted at an in

door air quaiity (lAQ) test house Oackson et

ai, 1987) provide funher confirmation of the

imp0rlance of indoor sinks. t\ wood stain

was applied to a bare oak floor, and lhe con

centration of total vapour phase organics

(based on sampling with Tcnax/charcoal and

analysi.s with gas chromatograph/flame ioni·

zation detector) was followed O\'er time as

shown in Figure 6.

An IAQ model (Sparks, 1988) was used (0

evaluate the data. The emission rate of total

organics from the stain was calculated from:

(22)

where, ERrOl is the total emission rate (mgt

m2-h); ER,pp is the emission rate during the

application of the product (mg/ml-h); ER" is

the initial emission rale of the drying phase

(mg/m2
.h); k is the decay constant for tbe

emission rate during drying (h- ' ); and (is the

time (h). The following values were used:

ER.pp = 15,000 mgtm2·h for the first 0.4

hours; ER" = 17,000 mg/m2-h; \r. 0.4 h·l •
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The value for ER"pp was developed from on
going experiments; me values for ER, and k
were obtained from chamber tests (fichenor
and Guo, 1988).

Figure 6 shows the results of me model
runs for three cases: (a) assuming no sink ef
fect; (b) assuming Lall~muir type sinks; and
(c) assuming re-emitting sinks are non
Langmuir (noted as "Best Fit"). Note that
me prediction assuming "no sink" fails to ac
count for the increased concentration due to
the re-emitting sinks after the first few hours
of the test.

The curve labelled "Langmuir sink" was
predicted by the model with the sink beha
viour described by equation (17) and using
the chamber derived values for k. and kd

based on the ethylbenzene tests. The test
house carpet values (k. ;=: 0.08 m/h; ~ =
0.08 h-I) were taken directly from the cham
ber data. Single values for all wall and ceiling
surfaces (k. 0.35 mIh; kd = 1.0 h-I) were
based on averages of me wallboard and ceil
ing tile chamber data. The "Langmuir sink"
curve does indicate re-emissions from the
sinks, but it does not adequately predict the
time history of these re-emissions. The fail
ure of the Langmuir isotherm data to accura
tely predict the sink behaviour could be
caused by several factors:

- the ethylbenzene data do not properly ac
count for the sink behaviour of the com
plex petroleum-based solvent emitted
from the stain;

- the test house sink surfaces are different
and more complex than the surfaces evalu
ated in the chambers; and
the desorption behaviour is not adequately
defined by a Langmuir process. (Note the
previous discussion of the poor fit of the
chamber kinetic data for carpet and pil
low.)

The curve labelled "Best Fit" was predicted
by the model assuming aU sink surfaces be
haved according to a Langmuir adsorption
process and a non-Langmuir desorption pro
cess. The rate of change of mass in me sink
was described by:

(23)

where, k. and A have been previously de
fined; C. is the concentration at time t, (mg!
m3);kd' is me desorption rate constant; M, is
the mass in me sink at time t (mg/m2); and n
is an empirical constant. Note that the de
sorption portion of this equation is analo
gous to a Freundlich isomerm described
previously [see equation (6)]. The fonowing
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values, obtained from analyses of the cham
ber data for ethylbenzene/carpet, were used
in the IAQ model: k. 0.1 mlh; kJ • =
OJ)04; and n = 1.5. The fit of the model (see
the «Best Fit" tine) is quite good for the SI1Ik

behaviour described by equation (23). fhe
theoretical basis for this equation is weak,
and further research' is required to refine this
approach.

Conclusions
Experiments conducted to examine the beha
viour of indoor sinks vis-a-vis vapour phase
organic compounds have dearly shown ad
sorption [Q and re-emission from common
indoor materials for two typical indoor air
pollutants. Of the five materials tested, only
window glass had no measurable sink effect.
Both the type of material and the type of or
ganic compound affect the rates of adsorp
tion and desorption, as well as the equilibri
um mass in the sink. Higher temperatures
increase both the adsorption and desorption
rate constants. Fundamental Langmuir ad
sorption theory appears adequate to describe
the behaviour of smooth materials, such as
wallboard and ceiling tile. The desorption
kinetics of rough, complex materials, such as
carpet and upholstery, appear to be governed
by non-Langmuir processes. Experiments
conducted in an lAQ test house confirm the
importance of sinks in controlling the levels
of vapour phase organics over extended per
iods. If appropriate adjustments are made to
account for non-Langmuir desorption pro
cesses, IAQ models can adequately predict
the impact of sinks on the concentration!

time history in full scale (i.e., test house) en
vironments.

Retjearch Needs
FUither research is needed to increase under
Sl i1nding of the behaviour of indoor sinks
with respect to vapour phase organic com
pounds:

- examination of the equilibrium and kine
tic behaviour of additional sink materials
and additional organic compounds, in
cluding mixmres of vapour phase orga
mcs;

- evaluation of the behaviour ofsinks under
a wider range of conditions (i.e., tempera
\:\. ., humidity, concentration);

- examination of the behaviour of sinks ex
posed to dynamic, non-steady source
emissions;

- clf'velopment of sink models that account
for non-Langmuir desorption processes.
Such models should be capable of predict
ing re-emissions from sinks over long per
iods (e.g., for weeks or months);
incorporation of sink models into IAQ
models and validation in full-scale indoor
environments. Methods for simplifying
complex, multiple sinks and for dealing
with vapour phase organic mixtures are
needed.

A preliminary version oft!lis paper was presemed
at tile Fifth Imemati011al Conference on Indoor
Air Quality and Comfort, Toroma, Canada, July
1990.
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